Background. Ambulatory measurements of trunk accelerations can provide valuable information on the amount and quality of daily-life activities and contribute to the identification of individuals at risk of falls. We compared associations between retrospective and prospective falls with potential risk factors as measured by daily-life accelerometry. In addition, we investigated predictive value of these parameters for 6-month prospective falls. Methods. One week of trunk accelerometry (DynaPort MoveMonitor) was obtained in 169 older adults (mean age 75). The amount of daily activity and quality of gait were determined and validated questionnaires on fall-risk factors, grip strength, and trail making test were obtained. Six-month fall incidence was obtained retrospectively by recall and prospectively by fall diaries and monthly telephone contact. Results. Among all participants, 35.5% had a history of ≥1 falls and 34.9% experienced ≥1 falls during 6-month follow-up. Logistic regressions showed that questionnaires, grip strength, and trail making test, as well as the amount and quality of gait, were significantly associated with falls. Significant associations differed between retrospective and prospective analyses although odds ratios indicated similar patterns. Predictive ability based on questionnaires, grip strength, and trail making test (area under the curve .68) improved substantially by accelerometry-derived parameters of the amount of gait (number of strides), gait quality (complexity, intensity, and smoothness), and their interactions (area under the curve .82). Conclusions. Daily-life accelerometry contributes substantially to the identification of individuals at risk of falls, and can predict falls in 6 months with good accuracy.
of medication management, physical training, and elimination of hazards in the home environment, can prevent up to 40% of falls (3, 4) . However, to efficiently allocate individuals to these fall-prevention interventions, early identification of those at risk of falling is necessary.
Fall-risk assessment in the clinical setting is commonly based on questionnaires or functional tests. Questionnaires are often qualitative and can be biased by fall history, while functional tests, such as the Timed-Up and Go or the Berg Balance Scale, are objective but appear to lack responsiveness and discriminative ability in relatively healthy populations (5) . A promising method to assess intrinsic fall risk is the evaluation of gait dynamics. Previous studies have shown that walking speed, stride frequency, movement intensity, stride-tostride variability, index of harmonicity, harmonic ratios, entropy, and local dynamic stability differentiate fallers and nonfallers (6) (7) (8) (9) (10) (11) (12) . However, studies have often used fall history to identify fallers, while recall difficulties, sustained injuries, or fear of falling might bias these retrospective designs (13, 14) . Gait characteristics associated with fall history may, therefore, not be related to actual fall risk but could be indicators of adaptations after a fall. In this study, we compared the associations of questionnaires and gait characteristics with falls in both a retrospective as well as a prospective manner in order to identify true fall-risk indicators.
Physical activity is generally encouraged in fall prevention interventions to increase physical capacity and reduce fall risk (3, 4, 15, 16) . Although an increase in physical activity has indeed been shown to reduce the risk of falls in community-dwelling older adults, it actually increased the risk of falls in a more frail population (3, 4) . This suggests that the amount of physical activity reflects exposure to environmental and task-related hazards (17) . Most fallrisk assessments neglect this extrinsic fall risk, which might explain why current clinical prediction models provide only poor to fair predictive ability (18) (19) (20) . The exposure to environmental hazards, such as curbs, carpets and pets, can only be investigated in daily life. Therefore, measurements during daily life may offer more accurate estimates of fall risk. Trunk accelerations during daily-life activities can be used to infer types and durations of activities such as lying, sitting, standing, and locomotion in a valid and reliable manner (21, 22) . These trunk accelerations can also be used to obtain gait characteristics under daily-life circumstances (11, 12) . To our knowledge, two studies addressed the association between accelerometerbased gait characteristics obtained in daily life and prospective falls (11, 23) . The number of fallers in the prospective part of these studies was small, and possibly as a consequence of that, only spectral parameters related to stride-to-stride variability were reported to be associated with fall risk, while prospective lab-based studies also identified walking speed, stride frequency, harmonic ratio, and gait intensity as fall-risk indicators (9, 10) . Hence, we investigated the predictive value of parameters describing the amount and quality of gait to discriminate between fallers and nonfallers in a larger cohort and determined to what extent fall prediction models based on questionnaires, grip strength, and trail making test could be improved by incorporating gait characteristics as obtained from accelerometry during daily life.
Methods

Participants
This study was part of a larger project concerning fall-risk assessment in older adults (FARAO) performed at the VU University Amsterdam. Participants were community dwelling or living in a residential home and were recruited in Amsterdam (the Netherlands) and surroundings via general practitioners, pharmacies, hospitals, and residential care facilities. Participants were included if they were between 65 and 99 years of age, their Mini mental state exam score [MMSE (24) ] exceeded 18 out of 30 points (actual range 21-30), and they were able to walk at least 20 m (with walking aid if needed). A total of 169 older individuals were included for the analyses. The medical ethical committee of the VU medical centre approved the protocol and all participants signed informed consent.
Fall Incidence and Clinically Used Risk Factors
Fall history was obtained as the self-reported number of falls in the past 6 months. Prospective fall incidence was obtained by monthly telephone contact in addition to a daily fall diary. Participants were identified as retrospective and prospective fallers based on the number of falls (≥1) in the 6 months preceding and following the measurements, respectively.
Descriptive characteristics such as age, weight, height, and the use of a walking aid were obtained from all participants. In addition, participants were asked to complete validated questionnaires and tests on fall-risk factors [LASA fall-risk profile (25) (28)]. The LASA fall-risk profile comprised questions concerning dizziness, independence in daily life, having pets, alcohol consumption, education duration and required the measurement of hand grip strength, which was quantified using a handgrip dynamometer (TKK 5401, Takei Scientific Instruments, Tokyo, Japan).
Ambulatory Assessment
Participants wore a tri-axial accelerometer (DynaPort MoveMonitor, McRoberts, The Hague, the Netherlands) with a sampling frequency of 100 Hz and a range from −6 g to +6 g, for 8 consecutive days. This accelerometer was placed dorsally on the trunk at the level of L5 using an elastic belt. The participants were instructed to wear the accelerometer at all times, except during aquatic activities such as showering. On the first and last day of the measurement period, the accelerometers were delivered to and collected from the participant's home. Hence, the first and last 6 hours of the measurements were omitted from analysis to discard any possible artefacts caused by transportation.
Amount of physical (in-)activity.-Based on accelerometry, periods of nonwearing, locomotion, sitting, lying, and standing were identified using the manufacturer's algorithm. This algorithm is described in more detail in the supplementary material of Dijkstra and colleagues (21) . We calculated the total duration of locomotion, sitting, standing, and lying per day. In addition, we calculated the amount of strides, the average number of short periods of locomotion, henceforth called walking bouts, the median and maximum duration of walking bouts, and the number of transitions to stance per day. These estimates were averaged over days on which the accelerometer was worn for more than 75% of the time, to obtain reliable, and valid indicators of the amount of daily activity (22) . This criterion was complied by 91% of the measurement days, and accelerometrydata of five participants had to be excluded due to noncompliance with this criterion.
Gait characteristics.-Gait characteristics were estimated using MATLAB R2011a (MathWorks, Natick, MA) for all locomotion bouts that exceeded 10 seconds. Data of four additional participants was excluded (excluding in total nine participants for gait characteristics) since they did not exhibit sufficient (>50) locomotion bouts exceeding 10 seconds (12) . The locomotion bouts were cut into 10-second windows and median characteristics over all 10-second windows were used to improve stationarity and avoid effects of differences in data series length (29) (30) (31) . Prior to estimation of gait characteristics, the raw accelerations were realigned with the anatomical axes based on the sensor's orientation with respect to gravity (32) and optimization of the left-right symmetry (33) .
The gait characteristics estimated in this study were selected based on previously established associations with fall risk (6, 12) and algorithms to estimate these parameters are described in more detail by Rispens and colleagues (12) and the references below. We estimated walking speed (34), stride time, stride length (34); gait intensity expressed as the standard deviation and range; gait variability expressed as the variability in walking speed, stride time, and stride length, the autocorrelation at the dominant period (35), the magnitude (power) and width of the dominant peak in the frequency domain (10, 11) and the percentage of power below 0.7 Hz (12); gait symmetry expressed as the harmonic ratio (9,36); gait smoothness expressed as the index of harmonicity (37); and gait complexity expressed as the mean logarithmic rate of divergence per stride based on 10-samples delayed embedding in seven dimensions using Wolf's method (38) and sample entropy with embedding dimension 5 and tolerance .3 (39) . All characteristics were determined for each of the three directions of acceleration, that is, anteroposterior (AP), mediolateral (ML), and vertical (VT).
Statistical Analysis
Statistical analysis was performed using SPSS Statistics 21 (IBM, Armonk, NY). To facilitate interpretations, all continuous parameters were transformed to z-scores prior to analyses. We used univariate logistic regressions to identify parameters that were associated with either or both retrospective or prospective falls and had a p < .05. Due to the exploratory aim of this study on a relatively large number of parameters, no correction for repeated testing was employed. Subsequently, three stepwise, forward, logistic regression analyses predicting prospective falls were performed including all participants with complete data; first to establish the predictive value of commonly used questionnaires, trail making test, and grip strength, secondly to investigate the predictive value of accelerometry-derived characteristics, and thirdly to investigate their combined predictive value. All parameters were considered candidates and parameters were entered in the prediction model until p ≥ .10. Highly correlated parameters (Spearman's ρ ≥ .7) were not entered together but separate prediction models were preformed. Interactions between parameters in the model that were deemed plausible, that is between the amount of physical activity and quality of gait, were tested by adding the product of these parameters to the model. Prediction models with the highest area under the receiver operating curve, c-statistic, are reported. A HosmerLemeshow test was used to test for miscalibration between the models' predicted probability and actual fall incidences. Sensitivity, specificity, and positive and negative predictive values are reported for the cutoff value optimizing sensitivity plus specificity − 1, that is, Youden's index. All three prediction models were compared using Hanley and McNeil test (40) for areas under the receiver operating curve derived from the same sample.
Results
Of the 169 participants, 35.5% had a history of falling and 34.9% experienced falls during follow-up. Twenty-eight out of 169 participants experienced multiple falls during follow-up. The distribution of fall history and prospective falls over participants are shown in Figure 1 and descriptive characteristics of the participants are summarized in Table 1 .
Having a history of falls was significantly associated with the inability to use public transportation, a lower grip strength, a higher fear of falling, a higher depression score, having a walking aid, a lower number of strides per day, a lower total duration of daily locomotion, and a higher power in the dominant frequency in ML direction (for significant associations see Table 2 , for a list of all associations consult Supplementary Material).
Although the overall pattern of the odds ratios was similar, associations were more often statistically significant in prospective analysis. The odds of experiencing a fall during follow-up was significantly higher for individuals with a history of falls, a higher LASA fall-risk score, higher fear of falling, a higher depression score, a longer duration on the TMT-A, a lower walking speed, a lower stride frequency, shorter stride length, a lower standard deviation in VT and AP directions, a lower range of the signal in the VT direction, a lower harmonic ratio in VT and AP directions, a higher index of harmonicity in AP direction, and a higher logarithmic rate of divergence, that is, lower local stability, in VT, ML, and AP directions (Table 2 ; Supplementary Material).
The best prediction model for prospective falls based on questionnaires, trail making test, and grip strength comprised, in order of variance accounted for, fall history and depression score (Table 3 , model 1). The area under the receiver operating curve was .68 (95% CI = .60-.77) and the predicted probability ranged from .209 to .736. There was no significant miscalibration between the models' predicted probability and actual fall incidences (p = .87). The optimal cutoff of predicted probability was .279 and corresponding sensitivity and specificity were 57.7% and 72.4% and the positive and negative predictive values were 48.7% and 78.9%, respectively. The prediction model with solely accelerometry-derived parameters comprised local dynamic stability in AP direction, range of the signal in VT direction, total number of strides, duration of lying, and the interaction between range of the signal in VT direction and the total number of strides (Table 3 , model 2). The area under the receiver operating curve was .71 (95% CI = .63-.79), which was comparable to the model with fall history and depression score (p = .55). The predictive probability ranged from .014 to .885 and there was no significant miscalibration between the model and the actual fall incidences (p = .68). The optimal cutoff of predicted probability was .352 and corresponding sensitivity and specificity were 67.9% and 66.3% and the positive and negative predictive values were 52.1% and 79.3%, respectively. When all parameters were combined, the best prediction model comprised fall history, local dynamic stability in AP direction, range of the signal in VT direction, total number of strides, depression score, index of harmonicity in ML direction, sample entropy in VT direction, the interaction between range of the signal in VT direction and the total number of strides, and the interaction between index of harmonicity in ML direction and the total number of strides (Table 3 , model 3). The resulting predicted probability ranged from .017 to .979, and the area under the receiver operating curve was .82 (95% CI = .75-.89). There was no significant miscalibration between the model and actual fall incidences (p = .53). The optimal cutoff of predicted probability was .396 and corresponding sensitivity and specificity were 70.0% and 80.9% and the positive and negative predictive values were 66.0% and 82.6%, respectively. The receiver operating curves for all three prediction models are shown in Figure 2 . The prediction model with both questionnaires and accelerometry was significantly better than the separate models (both p < .001). 
Discussion
We determined associations of fall history and falls during follow-up in older adults with questionnaires, trail making test, grip strength, physical activity, and gait characteristics as determined from dailylife trunk accelerometry. In addition, we investigated the added value of these accelerometry-derived measures for prospective fall prediction over commonly used questionnaires, trail making test, and grip strength. Most of the risk indicators obtained with questionnaires, trail making test, or grip strength were significantly associated with falls. Having a history of falls, a high LASA fall-risk score, fear of falling, poor executive function (as assessed by TMT-A), and depressive symptoms were associated with prospective falls, as was expected based on literature (25,26,41) . The associations between the ability to use public transportation, the use of a walking aid, and grip strength were only significant when investigated retrospectively. An explanation could be that these parameters are affected by the occurrence of a fall, possibly by a subsequent decline in the amount of daily activity as is suggested by the observed association with locomotion duration. Such declines in activity after a fall may in turn have negative health effects (14, 42, 43) .
Of the accelerometer-derived measures, only the amount of locomotion and gait variability as expressed by the power at the dominant frequency of the ML accelerations were significantly associated with fall history. A higher power at the dominant frequency in ML direction for persons with a history of falls was also observed by Weiss and colleagues (11) , and-although not significantly-Rispens and colleagues (12) and Weiss and colleagues (23), and might indicate a more rigid, stereotypical gait pattern. The power at the dominant frequency in ML direction was not significantly associated with prospective falls, which suggests that this adaptation decreased, or at least did not increase, prospective fall risk. Unfortunately, Weiss and colleagues (11, 23) did not report on the association of this parameter with prospective falls, rendering comparison impossible. Previously, we (12) and others (11, 23) identified associations between fall history and index of harmonicity, local dynamic stability, power at the dominant frequency, width of the dominant frequency and harmonic ratios derived from daily-life accelerometry, while in the current study these did not reach significance. This might partially be explained by a slightly younger and less frail population in the current study, differences in statistical techniques, and recall periods but might also suggest that different characteristics may prove to be valuable in subgroups of older adults.
Several gait characteristics were significantly associated with prospective falls. Participants who walked slower at a lower stride frequency and with shorter strides were more likely to fall, in accordance with literature (6, 7) . In addition, a lower standard deviation and range of the signal, two measures of intensity of locomotion, were also associated with prospective falls. As these measures are moderately to highly correlated with walking speed (Pearson's r = .60-.85), they might reflect the influence of walking speed and relate to the adoption of a more conservative walking pattern to maintain balance (42) , or to a common underlying factor, such as a less vigorous movement pattern, possibly reflecting one's general health status (44) . In contrast with Weiss and collagues (11, 23) , the width of the dominant frequency, a measure of gait variability, was not associated with prospective falls. A possible explanation may be differences in gait detection algorithms and durations of the analyzed bouts or the group under study. A lower gait symmetry, that is, lower harmonic ratio, was also associated with future falls, which is in line with previous findings in a laboratory study by Doi and colleagues (9) . The association with prospective falls was not significant for harmonic ratio in the ML direction, although the odds ratio was comparable to those of the VT and AP directions. Possibly, adaptations to increase balance occurred mainly in ML direction or changes in progression direction, which will affect ML trunk accelerations, effaced effects in ML direction. Unexpectedly, a higher index of harmonicity in AP direction, indicating smoother gait, was significantly associated with prospective falls, which might reflect a more fluent, less adaptive, and forward progression. This parameter in ML direction interacted with the amount of locomotion, which will be discussed later. Finally, in accordance with previous retrospective findings (7, 8, 12 ) a higher logarithmic rate of divergence, that is, lower local stability, was associated with prospective falls. This might indicate less and slower responses to small perturbations caused by, for example, noise in the neuromuscular system or uneven flooring (45) .
The best prediction model for future falls comprised the amount of gait, gait characteristics describing complexity, intensity, and smoothness of gait, and the interaction between these gait characteristics. It outperformed the models with only questionnaires or only accelerometry and its area under the curve (AUC) of .82 is very high in comparison with other fall risk assessment methods, which generally achieve AUCs ranging from .55 to .74 (18) (19) (20) , suggesting that daily-life trunk accelerometry contributed substantially to the ability to predict falls. We also investigated the predictive ability of gait characteristics obtained from the Euclidian or summed power of the three acceleration directions. The univariate associations were comparable to those of the three separate acceleration directions and the orientation invariant measures were not favored over the separate directions for the prediction model.
The amount of physical activity was not univariately associated with prospective falls, but was associated with prospective falls after correcting for gait quality. Schwenk and colleagues (46) showed that a shorter duration of gait bouts was predictive for falls in older adults with dementia and suggested that shorter bout may reflect disorientation, wandering, or dual task difficulties. However, the exclusion of older adults with dementia in the current renders direct comparison impossible. The number of strides did interact with gait smoothness and intensity. These interactions illustrate that the amount of physical activity is a protective factor for persons with higher gait intensity or a smoother gait pattern in ML direction, while it is a risk factor for persons with lower gait intensity and has no effect for persons with a less smooth gait pattern. Overall, these results suggest that for persons with an energetic, smooth walking pattern, walking poses no threat, while for persons with a less vigorous and less smooth walking pattern, more walking, that is, more exposure to environmental and task-related hazards, increases fall risk. Future research should focus on this interaction, as this might provide insights allowing more appropriate, individualized fall prevention interventions.
Our study has some limitations that have to be taken into account. There was a large number of parameters available for the prediction models. Although we tried to control for overfitting by a forward selection procedure and despite the high agreement between the three prediction models, overfitting may have occurred. Hence replication of the results of this study is required. Furthermore, we employed a fall history and follow up period of 6 months, while 1 year is generally employed. We did also obtain and analyzed 1-year recall of fall incidences and although associations were slightly weaker, our conclusions for the retrospective analysis would not have been different. It remains to be shown whether accelerometry-derived measures are equally predictive for falls during 1 year follow-up. Moreover, participants in the current study were mainly community-dwelling older adults, which might limit generalizability of the prediction model to frail or diseased populations. However, stronger associations with retrospective falls in an older and more frail group (12) suggest that adaptations to maintain balance are less successful in this population and hence stronger associations with prospective falls could be expected. Nevertheless, external validation of predictive ability of fall prediction models comprising quality and amount of daily-life gait in other populations is necessary. In addition, we analysed all locomotion episodes exceeding 10 seconds, which may have comprised other cyclic activities than walking, such as stair negotiation, as these are difficult to differentiate based on accelerometry (21) . Moreover, gait in daily life is often not at a constant velocity or straight-lined, while stationarity is an assumption underlying the calculation of many of the employed gait measures. To overcome this, we analyzed locomotion episodes in 10-second windows and used the median over all windows. Extreme values instead of medians, although more prone to artefacts, might be more indicative of high fall risk. Gait detection algorithms can be further improved and the use of more extreme values of characteristics for the prediction of falls should be explored. In addition, predictive ability of a fall-risk model including daily-life accelerometry might be further improved by extracting information during other types of activities, such as transfers, and using more advanced methods such as support vector machines or learning vector quantization, which do not assume linear relations between parameters and allow for complex interactions.
In conclusion, parameters significantly associated with falls differed between retrospective and prospective analyses, although odds ratios indicated a similar pattern of associations. Prospective falls can be predicted with good accuracy based on questionnaires and daily-life accelerometry, to which parameters describing quality and quantity of daily-life gait contribute substantially.
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